This article describes an experimentally versatile strategy for producing inorganic/organic nanocomposites, with control over the microstructure at the nano-and mesoscales. Taking inspiration from biominerals, CaCO 3 is coprecipitated with anionic diblock copolymer worms or vesicles to produce single crystals of calcite occluding a high density of the organic component. This approach can also be extended to generate complex structures in which the crystals are internally patterned with nano-objects of differing morphologies. Extensive characterization of the nanocomposite crystals using high resolution synchrotron powder X-ray diffraction and vibrational spectroscopy demonstrates how the occlusions affect the short and long-range order of the crystal lattice. By comparison with nanocomposite crystals containing latex particles and copolymer micelles, it is shown that the effect of these occlusions on the crystal lattice is dominated by the interface between the inorganic crystal and the organic nano-objects, rather than the occlusion size. This is supported by in situ atomic force microscopy studies of worm occlusion in calcite, which reveal fl attening of the copolymer worms on the crystal surface, followed by burial and void formation. Finally, the mechanical properties of the nanocomposite crystals are determined using nanoindentation techniques, which reveal that they have hardnesses approaching those of biogenic calcites.
Introduction
The development of synthetic strategies that enable precise control over both the composition and structure of materials at the nanoscale promises the ability to generate multicomponent, nanostructured materials that display novel combinations of physical and chemical properties. A wide range of approaches have been explored to create both organic/inorganic nanocomposites and inorganic heterostructures, including layer-by-layer deposition of polyelectrolytes and inorganic nanoparticles, [ 1 ] and the vapor-phase deposition of inorganic thin fi lms. [ 2 ] However, the possibility of generating such structures using assembly-based processes is particularly attractive. Both binary and tertiary superlattices can be generated through the coassembly of contrasting nanoparticles to give precise control over the stoichiometry and interparticle spacing, [ 3 ] and the coassembly of block
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Yi-Yeoun Kim copolymers and inorganic nanoparticles can be used to provide control over the spatial organization of the nanoparticles within the organic matrix. [ 4 ] One of the ultimate examples of self-assembly processes is of course crystallization itself, where control over nucleation and growth is used to generate particles with defi ned polymorphs, morphologies, and sizes. Although crystallization is traditionally used as a means of purifi cation, it is noted that it is possible to occlude certain "impurity species" within a crystal lattice under appropriate experimental conditions, creating a multicomponent system. The ability to dye crystals with appropriate partner dyes has been recognized for centuries, [ 5 ] where this approach has led to applications such as solid state dye lasers. A wonderful example is also provided by nature in the form of biominerals, where even single crystal biominerals are composite structures in which biomacromolecules are embedded within the crystal lattice. [ 6 ] These organic macromolecules appear to be associated with specifi c crystal planes, [ 7 ] and, in common with manmade composites, whose properties exceed those of the constituents, calcite biominerals are often harder than their pure synthetic counterparts. [ 8 ] Signifi cantly, this biogenic strategy can be translated to model synthetic systems, which include the incorporation of surfacefunctionalized organic and inorganic nanoparticles within calcite (CaCO 3 ), [ 9, 10 ] zinc oxide, [ 11 ] and sodium chloride. [ 12 ] Recent work has also shown that amino acids can be occluded within calcite [ 13 ] and zinc oxide, [ 14 ] raising the possibility that additive occlusion within crystals may be more widespread than currently believed.
The work described in this article builds on these observations to create inorganic/organic nanocomposites that are structurally distinct from any studied previously. Profi ting from our ability to generate families of polyelectrolytic diblock copolymer nano-objects by tailoring the mean degrees of polymerization of the constituent blocks, we compare the occlusion of anionic diblock copolymer worms and vesicles -bearing identical surface chemistries -within calcite crystals. These nano-objects were designed such that they exhibit anionic surface chains, which can signifi cantly enhance occlusion rates. [ 9, 10 ] The infl uence of the size and shape of these particles on the microstructures and mechanical properties of the resulting nanocomposite crystals are also investigated. These data are then compared with those reported for previous systems, enhancing our understanding of the design rules and structure-property relationships of these nanocomposite crystals.
Results
It is well known that diblock copolymers can self-assemble to form a wide range of morphologies. [ 15 ] Recently, polymerization-induced self-assembly (PISA) has been shown to be a highly versatile, effi cient, and generic route for the formation of diblock copolymer nanoparticles in either water, [ 16 ] ethanol [ 17 ] or n -alkanes. [ 18 ] For example, a poly(methacrylic acid) (PMAA) chain transfer agent can be used for the reversible additionfragmentation chain transfer polymerization of benzyl methacrylate (BzMA) in ethanol to produce well-defi ned diblock copolymer nanoparticles in the form of either spheres, worms or vesicles ( Figure 1 a-c) . [ 19 ] Note that the apparent aggregation of the nano-objects shown in the transmission electron microscopy (TEM) images in Figure 1 is simply a drying artefact, and that both the vesicles and worms are fully dispersed in solution. Here, the PMAA block acts as a steric stabilizer, while the PBzMA block forms the nonsolvated core (if spheres or worms) or membrane (if vesicles). Ionization of the PMAA stabilizer block occurs on transferring such nano-objects from ethanol to water via dialysis, which leads to highly anionic surface character at around pH 9, as judged by aqueous electrophoresis. [ 19 ] 
Synthesis and Incorporation
Calcium carbonate was precipitated in the presence of 20-500 µg mL −1 copolymer vesicles (PMAA 71 -PBzMA 98 ) and copolymer worms (PMAA 71 -PBzMA 300 ) using the ammonia diffusion method [ 20 ] after dispersing the copolymer nanoobjects in aqueous Ca 2+ solutions. Calcite single crystals formed under all conditions, except at very high copolymer concentrations (500 µg mL −1 ) or when [Ca 2+ ] > 2.5 × 10 −3 M , when intergrown aggregates or polycrystalline calcite particles with dumbbell shapes formed ( Figure SI1 , Supporting Information). This is consistent with higher concentrations of the polymers retarding crystal growth such that aggregation of crystallites to form polycrystalline particles is faster than their growth as single crystals. The effects of the copolymer nanoobjects on the crystal morphologies were assessed by holding the Ca 2+ concentration fi xed at 1.25 × 10 −3 M and varying the copolymer concentration from of 20 to 500 µg mL −1 . A sequence of morphological changes in the presence of typical of anionic additives was observed, [ 21 ] where these varied from perfect rhombohedra at low copolymer concentrations, to rhombohedra with truncated edges as the copolymer concentration increased, to particles elongated along the [001] axis and capped at each apex with three adjacent (104) faces, and ultimately to elongated particles with curved surfaces (Figure 1 d-m and Figure SI2 , Supporting Information). These morphologies refl ect the differing interactions of the additives with the acute and obtuse steps on the exposed {104} faces. [ 22 ] Both types of copolymer nano-objects had very similar morphological effects.
The occlusion of these nano-objects within calcite single crystal was then investigated. Growth conditions were selected where the crystals exhibited near-rhombohedral morphologies and cross sections for scanning electron microscopy (SEM) and thin sections for transmission electron microscopy (TEM) were prepared using focussed ion beam (FIB) milling. The SEM images confi rmed that both worms and vesicles were effi ciently occluded throughout the crystals with no evidence of any aggregation or segregation ( Figures 2 a,b) . The cross-section of the vesicle/calcite crystal shows almost perfectly circular occlusions with diameters ranging from 200 to 20 nm, as expected when cross-sectioning vesicles at positions ranging from their centers to their peripheries (Figure 2 a) . Notably, the maximum observed size is in excellent agreement with the mean vesicle diameter determined by DLS ( d DLS = 185 nm, PDI = 0.16).
Analysis of the worm/calcite crystals also confi rmed that the worms retained their structural integrity during occlusion. The extents of occlusion of both vesicles and worms within calcite were also quantifi ed using thermogravimetric analysis (TGA) performed under either air or nitrogen, where this showed that both types of copolymer nano-objects were occluded to levels of 15-20 wt% in Figure SI4 of the Supporting Information. Occlusion of the polymer nano-objects within calcite single crystals results in a complex decomposition profi le as compared with a simple mixture of calcite and polymers, such that it is not possible to obtain a precise estimation of the compositions of the composite crystals using TGA. A full description of the TGA analysis is provided in the Supporting Information. These values agree well with the volume fractions of about 15% which were estimated from the SEM images (Figures 2 a,b) . The derivations of the volume fractions are given in the Supporting Information.
Having established that both the copolymer worms and vesicles can be effi ciently occluded within calcite single crystals, we then extended our strategy to generate internally patterned calcite crystals. This provides an important proof-of-principle that multifunctional nanocomposite crystals can be formed using this approach. Nanocomposite crystals containing multiple components were readily formed by growing calcite crystals in alternating solutions containing the copolymer worms and vesicles. , and (m) 500 µg mL −1 , where these show that the crystal morphologies change with increasing copolymer in solution.
be achieved. Subsequent exchange of the reaction solution for one of lower supersaturation, [Ca 2+ ] = 0.5 × 10 −3 M , then ensured that existing crystals could grow, but that negligible new nucleation events occurred. This created a seamless transition in crystal growth from one reaction solution to the next, such that each growth zone could be set to contain either worms or vesicles ( Figure 3 a,b) . By comparison, when the crystals were precipitated in the presence of a mixture of worms and vesicles (1:2 mol%), the worms were preferentially incorporated, resulting in a random distribution of the two types of nano-objects within the calcite crystals (Figure 3 c) . This effect is attributed to the higher specifi c surface area (surface area per unit mass) of the worms as compared with the vesicles, which is expected to aid their occlusion within the calcite crystals. Rough calculations suggest that the worms have specifi c surface areas of 114 m 2 g −1 , as compared with 25 m 2 g −1 for the vesicles, and comprise 26 wt% charged surface groups as compared with 10 wt% for the vesicles.
Microstructures of the Nanocomposite Crystals
The nanocomposite crystals were analyzed using a number of diffraction and spectroscopic techniques to determine the effect of the occluded nano-objects on the short-range and long-range structures of the crystals. High resolution synchrotron powder X-ray diffraction (XRD) was used to provide information about the effects of the guest species on the lattice spacings and inhomogeneous strains where this has been shown to be highly specifi c to the crystal host and the type of occluded species. [ 9, 13, 14 ] The data revealed that negligible shifts in the peak positions occurred for either the vesicle/calcite or worm/calcite samples as compared with pure calcite, and that the peaks were nearly symmetric in shape ( Figure 4 a) . Occlusion of the worms and vesicles did however cause some broadening of the peaks, where this was quantifi ed by measuring the peak full-width at half maximum height (FWHM). The ratio of the normalized FWHM (nanocomposite)/FWHM (pure calcite) was 1.55-2.55 for vesicle/calcite and 1.5-2.7 for worm/calcite crystals (as measured for the four main peaks, (110), (104), (006), and (012) (Figure 4 c) . Analysis of the shapes of the peaks gave coherence lengths of 400-550 nm and 250-350 nm for the vesicle/ calcite and worm/calcite crystals respectively, and microstrains of 0.02%-0.03% for both samples (Figure 4 d,e). Calcite crystals containing occluded 0.22-0.25 µm latex particles [ 23 ] were also analyzed for comparison. No peak shifts and negligible peak broadening was observed such that the normalized FWHM (nanocomposite)/FWHM (pure calcite) was 1.2 and the coherence length determined from the (104) peak was 558 nm.
Further information about the effect of the copolymer occlusions on the crystal lattice were obtained by recording XRD diffractograms after annealing. Peak broadening is commonly reported on heating both synthetic and biogenic calcite crystals containing occluded organic phases, where this is attributed to the creation of new interfaces. [ 9, 24, 25 ] The vesicle/calcite crystals were therefore subjected to isochronous annealing for 30 min at intervals of 100 °C from 100-600 °C and patterns were recorded after the samples had cooled to room temperature after each heating cycle. Peak shifts to smaller d -values began on heating to 300 °C, where this continues on heating to higher temperatures ( Figure 5 a,b) . The peak broadening also gradually increased up to about 300 °C, and then rose more rapidly above this temperature. The latex/calcite and worm/ calcite crystals were analyzed after ex situ heating to 400 °C and showed some differences in behavior as compared with the vesicle/calcite crystals ( Figure 5 c-e). The latex/calcite crystals showed signifi cantly more broadening than the vesicle/calcite crystals at 400 °C, while the worm/calcite sample showed little broadening. Neither exhibited any signifi cant shift in the peaks. These differences may refl ect variations in the degradation behavior of the organic occlusions and in the interfaces between the occlusions and the crystal host.
Raman and IR studies were also performed to determine the infl uence of the organic occlusions on the ordering of the calcite crystal lattice at the atomic scale. The raman spectra showed broadening of the ν 1 and ν 4 peaks, corresponding to the carbonate symmetric stretch and symmetric bend, respectively, as well as the two lattice modes at 279 and 158 cm −1 ( Figure 6 a,b) . This effect was greater for the vesicle/calcite crystals and is indicative of greater short-range disorder in the structure. The IR spectra also revealed increases in the intensity ratio of the ν 2 / ν 4 peaks from 2.0 for pure calcite to 3.1 and 3.4 for the worm/calcite and vesicle/calcite crystals, respectively (Figure 6 b,c) . For comparison, a previously reported copolymer micelle/calcite crystal exhibited a ν 2 / ν 4 ratio of 4.1. [ 9 ] 
Mechanical Properties of the Nanocomposite Crystals
Single crystal calcite biominerals are well known to exhibit increased hardness and toughness as compared to pure synthetic or geological calcite, where this can be attributed to the occlusion of organic biomacromolecules and Mg 2+ ions within the calcite lattice. [26] [27] [28] Characterization of synthetic organic/ calcite crystals enables isolation of the hardening effects of just organic occlusions to be studied in the absence of ionic substitutions, such as Mg 2+ , a well-known hardening agent of calcite. [ 27 ] The mechanical properties of the worm/calcite and vesicle/calcite crystals were investigated using nanoindentation and were compared with a pure calcite control. These nanocomposite systems provide compositionally and structurally unique systems, where the vesicles contain a signifi cant volume of water in their cores, and the worms have highly anisotropic morphologies. The average hardness and indentation moduli of these crystals are plotted in Figure 7 . The consistent standard deviation associated with these measurements can be attributed to the mechanical anisotropy of calcite, and the range of orientations of the crystals studied. [ 28 ] The values for the calcite control sample closely match those reported for pure geologic calcite, [ 28 ] and synthetic calcite. [ 9 ] Both types of nanocomposite crystals were signifi cantly harder than pure calcite, while the indentation modulus was reduced as compared with this reference material. The worm/calcite crystals exhibited the largest increase in hardness (+24%) and the smallest reduction in modulus (−5%), as compared to +16% and −15% values for the vesicle/calcite crystals. These data can also be compared with calcite occluding 9.3 wt% of 250 nm carboxylated polystyrene latex particles which were ≈30% less hard than pure calcite, [ 23 ] while calcite incorporating 13 wt% of 20 nm block copolymer micelles were ≈16% harder than pure calcite. [ 9, 23 ] 
In Situ Observation of the Incorporation of Copolymer Worms in Calcite
The mechanisms by which the copolymer worms become incorporated within the growing calcite crystals were studied using in situ atomic force microscopy (AFM). As the worms are signifi cantly larger than the 3.1 nm step edges on calcite, it was challenging to simultaneously image both the step edges and the worms. The worms were fi rst imaged on the surface of mica (rendered cationic via electrostatic adsorption of poly( Llysine)) in order to characterize their morphologies and the data were in good agreement with TEM images of dried worms ( Figure SI5 , Supporting Information). Growth experiments were then performed by imaging the changes that occur on the exposed {104} surface of a freshly cleaved single crystal of geological calcite when it is exposed to the reaction solution within a commercial fl uid cell. [ 29 ] The copolymer worms strongly adsorbed to the crystal substrate in a random distribution and did not change position on coming in contact with the propagating steps during crystal growth ( Figure 8 a) . Notably, while the worms became progressively buried during crystal growth, the crystal did not immediately "heal over" the buried worms, such that deep voids formed above them. This behavior was more pronounced for larger voids (Figure 8 a, navy arrow) .
Such voids have previously been observed in a detailed study of the occlusion of 20 nm anionic copolymer micelles within calcite single crystals. [ 29 ] Cavity formation can be attributed to the partly buried nanoparticle straining the surrounding crystal, which reduces the driving force for crystallization and contributes to the formation of a cavity. The diffi culty of extending the crystal steps over the surface of the underlying occlusion may also contribute to cavity formation. Imaging of crystal growth after a worm had attached to the surface also revealed a second interesting feature (Figure 8 b) . When new worms adsorbed to an existing void, or another worm, they readily detached and returned to the solution (red and turquoise arrows in Figure 8 b ). This indicates a reduced adsorption strength as compared to direct binding to the calcite surface, where this prevents the occlusion of these loosely bound worms within the crystal.
Discussion
Much of our current knowledge about the occlusion of organic additives within single crystals has come from the study of calcite biominerals and synthetic calcite crystals precipitated in the presence of macromolecules extracted from biominerals. Some of the earliest work characterized single crystal calcite biominerals such as sea urchin larval spicules, [ 7, 30 ] the domain size and shape in many ways mirrored the gross morphologies of these biominerals. This was attributed to selective binding of the constituent macromolecules to specifi c lattice planes and a similar pattern of binding was obtained with synthetic crystals precipitated in the presence of extracted macromolecules. [ 31 ] These studies therefore suggest that variations in the structures of the occluded organic macromolecules can result in different crystal microstructures and textures.
Powder diffraction studies comparable to those performed here have also been used to study calcite biominerals, although analysis of the peak shape and position are complicated by the inevitable presence of magnesium. [ 25, 32 ] Nevertheless, comparison of the calcite prisms from a range of mollusks has revealed species-specifi c variations in the microstrain and macrostrain, [ 25, 33 ] where these have been attributed to differences in the compositions of the macromolecules, rather than the amounts occluded. [ 34 ] Investigations have therefore often focused on calcite crystals coprecipitated with extracted molecules, where XRD spectra from calcite crystals occluding the small protein perlucin [ 24 ] showed smaller peak shifts than calcite precipitated in the presence of "caspartin," a 17 kDa protein extracted from the calcitic prisms of Pinna nobilis . [ 32 ] Purely synthetic systems-such as the copolymer worms and vesicles studied here-offer an alternative and effective strategy for determining the relationship between the chemical structure, size, and shape of additives and the structure and properties of nanocomposite crystals. Ions and small molecules such as Mg 2+ and amino acids have dramatic effects on the host crystal lattice, causing both peak shift and broadening. Taking the example of the amino acids, the broadening appears to correlate with the degree of peak shift, and changes from isotropic to anisotropic with greater peak shifts. [ 13 ] Larger species such as anionic polyelectrolytes, [ 35 ] and the worms and vesicles investigated here, in contrast, cause broadening but little peak shift. The negligible peak shifts observed in the calcite crystals occluding copolymer worms, vesicles or micelles therefore suggest that the inhomogeneous strains introduced by the copolymer nano-objects are either not signifi cant enough, or that the inclusions are too localized to generate lattice distortions. The form of the microstrain also varies considerably according to the type of occlusion. Calcite occluding 20 nm anionic block copolymer micelles exhibited highly anisotropic XRD peaks consistent with a compressive strain gradient around the particles, [ 9 ] while the peaks from the vesicle/calcite and worm/calcite samples showed greater-but isotropic peak broadening.
These data demonstrate that multiple factors dictate how occluded species affect the crystal lattice. Ions and small molecules are present in the lattice as solutes, directly replacing host ions. A misfi t results in local strain, and with suffi cient occluded species, changes in the average lattice spacings. That Adv. Funct. Mater. 2016, 26, 1382-1392 www.afm-journal.de www.MaterialsViews.com Figure 5 . High resolution synchrotron powder XRD spectra of worm/calcite and vesicle/calcite crystals. a) The change in the (104) refl ection of a vesicle/calcite crystal recorded after annealing at temperatures between 100 and 600 °C for 30 min, where a marked broadening occurs from 300 °C.
b) The measured broadening and a -axis and c -axis lattice distortion of the (104) refl ections shown in (a), where data were obtained using line profi le analysis and Rietveld analysis. c-e) Change in profi les of (104) refl ections of (c) vesicle/calcite, (d) worm/calcite, and (e) latex/calcite after annealing at 400 °C, where these are compared with the same samples measured at room temperature (gray line).
www.afm-journal.de www.MaterialsViews.com biominerals show both peak broadening and lattice distortion suggests that the occluded macromolecules may at least partly behave as solute species. At the opposite end of the spectrum, latex particles had little effect on the crystal lattice -either on peak position or broadening -and thus behave as second-phase particles. Notably, however, the vesicle/calcite samples do show broadening, despite the vesicles and latexes having comparable sizes.
The effect of an occlusion on the crystal lattice is therefore not simply dependent on its size. Factors such as the structure of the crystal/organic interface must also be important, where this is likely to depend on the physical properties of the occluded particles. Indeed, the vesicles and worms are more compliant than the latexes, such that they fl atten somewhat on the crystal surface to maximize the interaction (as seen by AFM). This effect is not large enough to change the overall shape of the nano-object on occlusion, as shown in Figures 2 a and 2 b. It is also noted that block copolymer micelles, which comprise 41 wt% of a charged corona, exerted a much greater effect on the crystal lattice than the vesicles and worms, which comprise 10 and 26 wt% of charged surface groups, respectively. The specifi c compositions and conformations of the occlusion-species therefore not only govern the effi ciency of incorporation, but also play signifi cant roles in determining the effects of the occlusions on the crystal lattice.
The occluded worms and vesicles also affect the physical properties of the nanocomposite crystals. The hardness of the copolymer/calcite crystals studied here -where the worm/calcite crystals were somewhat harder than the vesicle/calcite crystals -is a measure of the resistance of the material to plastic deformation and thus to the motion of dislocations in the crystal lattice. The incorporated soft copolymer could increase hardness by blocking dislocation motion either by forcing dislocations to directly intersect an incorporated copolymer region, or by interacting with any heterogeneous strain fi elds that might surround the copolymer inclusions. [ 36 ] The magnitude of this hardening should correlate with the inverse of the average spacing between the copolymers inclusions. [ 37 ] Rough calculations based on the analysis of SEM images of the cross sections of the calcite crystals occluding worms and vesicles demonstrated no signifi cant difference in the average spacings. However, since the worms are long and slender, they have a much larger capture cross-section for dislocations than this simple spacing would suggest. This is also consistent with the shorter coherence length of the worm/calcite crystals. It is also noted that the latex/calcite crystals were less hard than pure calcite, despite showing comparable coherence lengths and particle Figure 6 . a) Raman spectra of worm/calcite and vesicle/calcite crystals. As summarized in b), these show the signature peaks of calcite, where these are broadened as compared with pure synthetic calcite, but show negligible shift. The ν 1 and ν 4 peaks correspond to the CO 3 2− symmetric stretch and symmetric bending respectively, and two lattice mode peaks are also shown. c) IR spectra of worm/calcite and vesicle/calcite crystals, which show that the height ratio of the ν 2 / ν 4 peaks measured at ν 2 (874-878 cm −1 ) and ν 4 (710-715 cm −1 ) increase from 2.0 (pure calcite) to 3.1 (worm) and 3.4 (vesicle), respectively. separations to the vesicle/calcite crystals. As the former sample showed signifi cantly less microstrain than the latter, this suggests that the local strain fi elds may also contribute to the hardening of the nanocomposite crystals.
The modulus, in turn, is a measure of the elastic response of the whole nanocomposite, such that addition of a relatively compliant copolymer should decrease the modulus of the nanocomposite by an amount that correlates with the volume fraction of the incorporated copolymer. [ 38 ] All of the nanocomposite crystals examined exhibited lower moduli than pure calcite, with a reduction of ≈10% for the worm/calcite crystals and ≈15% for vesicle/calcite crystals. The larger volume fraction of the vesicles than worms is consistent with the lower modulus in the worm/calcite samples. While an accurate calculation would require knowledge of both the volume fraction and the modulus of the occluded copolymer, the moduli of the copolymer inclusions are expected to be orders of magnitude lower that of calcite, so that to fi rst order, the volume fraction dominates.
Conclusions
The work described here demonstrates that the rational design of diblock copolymer nano-objects not only promotes their incorporation within single crystals, but can also be used to control the structure and properties of the product crystals. In combination with our previous data on the occlusion of copolymer micelles [ 9 ] and anionic polymer latexes [ 23 ] in calcite, it is shown that particles that vary widely in size (20 nm spheres and 500 nm vesicles) and shape (isotropic spheres versus anisotropic worms) can be effi ciently occluded by functionalizing the particles with a corona comprising multiple anionic carboxylate groups. This approach can also be extended to create internally patterned crystals in which different zones contain different copolymer nano-objects. As a key fi nding of our study, we show that the infl uence of these occlusions on the crystal lattice, as indicated by changes in the peak position and shape of powder X-ray diffractograms, depends on the structure of the particles. While the calcite lattice remains virtually unaffected by the occlusion of 250 nm polystyrene particles, isotropic microstrains arise from the incorporation of copolymer worms and vesicles. Occlusion of the copolymers also had signifi cant effects on mechanical properties where both worms and vesicles led to increased hardness and reduced modulus, despite the very different morphologies of the inclusions. Finally, the occlusion of vesicles within single calcite crystals has broader interest. These systems have enormous potential for further functionalization, which could be achieved by introducing functional molecules (e.g., proteins or enzymes) or nanoparticles into the polymer assemblies. This would open the door to a new generic strategy for the occlusion of payloads that do not have any intrinsic affi nity for the crystal lattice. www.afm-journal.de www.MaterialsViews.com
Experimental Section
Calcium carbonate was precipitated in the presence of the copolymer worms and copolymer vesicles using the ammonium diffusion method. [ 20 ] Stock solutions of copolymers were added to a solution of CaCl 2 ·2H 2 O (0.5 × 10 −3 -5 × 10 −3 M ) to form fi nal solutions with copolymers (5-500 µg mL −1 ). Crystallization was typically allowed to proceed for 1 d (unless stated otherwise). Following this period, the glass slides supporting the CaCO 3 crystals were removed from the solutions, were washed with Millipore water and ethanol, then were dried in air to be analyzed using high resolution powder XRD, optical microscopy, SEM, TEM, IR spectroscopy, Raman microscopy, and TGA. For comparison, experiments were also performed by precipitating CaCO 3 in the presence of commercial, functionalized latex particles, as described in previous work. [ 23 ] High acid content particles that were 0.22-0.25 µm in size and which exhibited a corona of fl exible chains were purchased from Bangs Labs Inc. (IN, USA) .
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